Abstract: Leg length discrepancy (LLD) is a significant factor influencing several pathological conditions. Gait analysis is based on biomechanical gait models calculating joint kinematics; however, no previous study has validated its ability to detect anatomical LLD. The aim of the present study was to compare the validity of the Vicon ® Plug-in-Gait-model (PGM) in measuring femur and tibia segmental length discrepancy with measurements attained by X-ray. Fifteen participants with suspected leg length discrepancies underwent a lower limb X-ray and a standing calibration trial using a motion analysis system (Vicon ® , Oxford Metrics, UK). Femur and tibia segment lengths were deducted from both measurements. No differences were found when measuring the discrepancies between sides for the femur (p = 0.3) and tibia (p = 0.45) segmental length. A high correlation was found between methods (r = 0.808-0.962, p < 0.001), however, a significant difference was observed when measuring the femur and tibia length (p < 0.0001). PGM was found to be a valid model in detecting segmental length discrepancy when based on the location of the joint centers compared to X-ray. A variance was noted in the femur and tibial segmental length. The impact of this inconsistency in segmental length on kinematics and kinetics should be further evaluated.
Introduction
Leg length discrepancy (LLD) is a significant factor influencing several pathological and physiological conditions such as foot pathologies [1, 2] , low back pain [3, 4] , functional scoliosis in children [5] , osteoarthritis of the hip and knee [6] , impaired functional outcomes and patient satisfaction after total hip replacement [7, 8] . Anatomic LLD is defined as the structural difference between the lengths of the two limbs measured from the femoral head to the distal tibia [9] [10] [11] .
Various imaging techniques have been used to measure anatomic leg length [6, 12] . Radiography is considered the gold standard for measurement, with accepted methods such as full limb radiographs, scanograms, computerized tomography and computerized digital radiographs. These methods are highly reliable and valid but are also expensive, not feasible for everyone and expose the subject to radiation, which limits their use in routine clinical settings.
Three-dimensional motion analysis is extensively used today thus, improving a comprehensive understanding of gait in musculoskeletal disorders. It also assists in detecting gait deviations and impairments underlying reduced function, clinical decision making, quantifying rehabilitation effectiveness and treatment intervention [13, 14] . Gait analysis is based on biomechanical gait models calculating joint kinematics [15, 16] . No previous study has validated the ability of a gait model to detect anatomical LLD. If a LLD measurement is found valid, three-dimensional motion analysis can assist in detecting anatomic LLD.
The Plug-in-Gait model (PGM) (Vicon ® , Oxford, UK) is one of the widely used biomechanical gait models, implementing a well-established predictive model [15, 17] . The lower-body PGM divides the body into seven segments linked by joints with three degrees of freedom. The position of each joint is defined within its proximal segment and used to define its distal segment. The PGM extracts the experimental marker trajectories and generates virtual marker trajectories including joint centers. Assumed rigid body segments include the pelvis, femurs, tibias and feet. Femur and tibia segment length are calculated from joint center to joint center; the femur segment length is measured from the hip joint center (HJC) to the knee joint center (KJC); the tibia segment length is measured from the knee joint center (KJC) to the ankle joint center (AJC) [18] .
The main aim of the present study was to evaluate the capability of the PGM in detecting anatomical LLD. Specifically, to test the correlation between the femur and tibia segmental length discrepancy as measured by the PGM comparing to gold standard imaging such as standing anteroposterior (AP) radiography and computed tomography (CT) supine scanogram, as well as the correlation between segmental lengths measured by both methods.
Methods

Participants
The study design was cross-sectional and comprised a group of patients who were referred for a gait analysis evaluation due to a suspected LLD affecting their gait, over a period of 6 months. After receiving approval from the Hospital Ethics Committee, 15 participants, 10 children-mean age 14 years (10-16), BMI (body mass index) 20.38 and 5 adults-mean age 44 years (42-50), BMI 25.64, who had undergone gait analysis and a full lower limb X-ray, were enrolled to the study.
Motion Capture
Anthropometrical measurements performed included-inter anterior superior iliac spine (ASIS) distance, distance of the right and left ASIS to the respective medial malleolus (MM) (clinical leg length), right and left knee, ankle width and tibial torsion measured by an intermalleolar angle in prone position. Subsequently, 13 reflective passive skin markers were placed on the pelvis and lower limbs, adhering to the PGM protocol [15] . Thigh and shank wand markers were aligned using the mirror method [19] . The thigh wand was aligned co-linearly with the HJC (greater trochanter) and the knee and shank marker were attached co-linearly with the knee and ankle markers [19] .
Three-dimensional motion analysis was obtained by 8 MX3 cameras (Vicon Motion Systems ® , Oxford, UK) and the Nexus ® software (Version 1.8, Vicon Motion Systems ® , UK, 2013). Following a standard protocol, a static calibration trial was performed for each subject while standing. All subjects' measurements, marker placement and alignment were performed by the primary experienced investigator in gait analysis. Calculated subject measurements were extracted from the static measurements file.
Imaging
All subjects' anatomic leg length was measured by a standing X-ray calibrated by a 54.2 cm metal ball for the children's group or a supine CT scanogram for the adult group, due to the height limitation in standing X-ray imaging. CT scanogram measurements, including left and right femur, tibia and total leg length were extracted from the imaging report. As for the standing X-ray, TraumaCad ® software (Version 2.5, Brainlab ® , Petach-Tikva, Israel, 2017) provided the investigator with a full set of wizards and digital measurement tools, using digital on-screen images [20] . The femur length was measured from the proximal edge of the head of the femur to the distal end of the femoral condyle; the tibia length was measured from the tibia plateau to the tibia plafond. All X-ray measurements were performed by one of the investigators (B.D.), an experienced clinician in radiographic measurements, using TraumaCad ® software which has been previously validated [20] .
Data Analysis
The femur and tibia segmental length, total X-ray length and clinical leg length (ASIS to MM) were checked for symmetry. The paired-t test assessed the difference between both methods when measuring the femur and tibia segmental length discrepancy, and the leg length discrepancy as measured by X-ray and clinically. Pearson's correlation assessed the association between methods when measuring segmental length, irrespective of the magnitude differences.
Results
Symmetricity is presented in Figure 1a . Lower limb measurements in all subjects were found symmetrical for both methods, including femur and tibia segmental length, X-ray total leg length and clinical leg length. Similar distributions were found between sides ( Figure 1b ). No differences were found for the femur t(14) = 1.06, p = 0.3 and tibia t(14) = −0.76, p = 0.45 segmental length for both methods when measuring discrepancies between sides (Table 1 ). In addition, no difference was found when comparing total X-ray leg length discrepancy to clinical leg length discrepancy t(14) = 1.33, p = 0.2 (Table 1) . Table 1 . Plug-in-Gait-model (PGM) versus X-ray segmental length, total X-ray length, clinical leg length and discrepancies (mm). Significance represent comparison of mean discrepancies. Level of significance-p < 0.01.
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Results
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Discussion
Herein, we compared femur and tibia segmental length measurements using the PGM to detect anatomical discrepancy compared to X-ray measurements. Our results revealed that the PGM is highly valid and reliable in detecting anatomical difference in segmental length. Minimal differences in segmental discrepancy between sides were found when comparing both methods, with a mean difference of 3.6 mm in the femur and the tibia segmental length. Participants' measurements were found symmetrical with no significant difference in all lower limb measurements. A high correlation was found between methods, however, a significant difference in absolute values of the two measurements was found. Femoral length as calculated by the PGM was shorter by 18-21 mm; the tibial segmental length was shorter by 52-53 mm when X-rayed. The difference in segmental length of the femur was attributed to the measuring method. Femur segmental length as measured by the PGM was based on the joint center location as opposed to the X-ray where measurement started from the proximal edge of the femur head to the distal end of the femoral condyle. However, the tibias segments were relatively similarly measured in both methods, and despite difference that might be attributed to measuring methods, it cannot explain the large discrepancy found, and thus should be further investigated.
Radiographic evaluations either by standing X-ray or CT scanogram are considered the gold standard for measuring images. Computed radiography used for measuring segmental length has been found to be valid and reliable [20] . Radiographs calibrated using a 1-inch reference metal ball supported by a designated software program (TraumaCad ® ) have been found to have high intra and inter-observer reliability (Intraclass correlation coefficient (ICC) 0.91-0.95, respectively) and a standard deviation of 3.61 to 4.65 mm when measuring femoral and tibial length, respectively [20] . Sabharwal et al. reported a high inter and intra-observer reliability for scanogram (ICC 0.975-0.995, respectively) as well as standing teleroentgenogram (ICC 0.939-0.996) [21] . The mean absolute difference for intra-observer and inter-observer reliability was 1.5 to 2.6 mm and 2.6 mm, respectively for scanograms and 1.5 to 4.6 mm and 3 mm, respectively for standing radiographs. In summary, imaging is a highly reliable measurement tool, with a minimum estimated margin of error.
The PGM divides the body into seven segments (pelvis, two femurs, tibias and feet) [15] . The segments are defined from the measured positions of the markers, subjects' measurements and model calculation. Its accuracy is limited, relying on the examiner's ability to formulate an accurate anthropometric measurement such as the distance from the ASIS to MM, the distance between the right and left ASIS, knee and ankle width and tibial torsion, as well as accurate marker placement. 
The PGM divides the body into seven segments (pelvis, two femurs, tibias and feet) [15] . The segments are defined from the measured positions of the markers, subjects' measurements and model calculation. Its accuracy is limited, relying on the examiner's ability to formulate an accurate anthropometric measurement such as the distance from the ASIS to MM, the distance between the right and left ASIS, knee and ankle width and tibial torsion, as well as accurate marker placement. In this study, all measurements and marker placements were performed by the same examiner experienced in gait analysis which has been shown to improve reliability [22, 23] . Moreover, anthropometric measurements assessed by experienced examiners have found no considerable effect on joint kinematics [24] , thus, the likelihood that most differences found in the tibia segmental length were due to model calculation.
In the PGM, body segment parameters are based on a simple relationship described by Dempster et al. [25] . The location of the hip, knee, and ankle joint centers are calculated relative to the associated embedded coordinate system origin of the segments. Hip joint centering algorithm is based on a model developed at Newington Children's Hospital in 1981 analyzing radiographic studies of 25 hip studies [15] . The HJC was defined in the pelvis segment, using the pelvis width (right ASIS to left ASIS) and leg length (ASIS to MM) as scaling factors [15] . The ASIS trochanteric distance, mean leg length, pelvis width, marker radius and fixed radians calculated the offset vectors of the two HJCs. However, using a more accurate method to define the hip joint center could lead to a more accurate estimation of the femoral length [26] . The KJC and AJC's location were also determined by the knee and ankle width measurements [18] .
HJC localization based on a regression equation has been found to be inaccurate resulting in a 30 ± 6 mm margin of error compared to a three-dimensional ultrasound, based on a population of healthy adults [17] . Leardini reported similar results found in a sample of 11 male adult able-bodied volunteers, where the HJC estimation was at a distance of 29 ± 8 mm of a measurement obtained by a roentgen stereophotogrammetric analysis [27] . Assi et al. found, a 25 mm ± 10 between HJC calculated by a PGM and a reference calculation by EOS imaging in 11 typically developed children [28] . In a CP group, the difference was 21 ± 10 mm. These findings can contribute to the differences in femoral length found in our study. The propagation of the errors in the localization of the hip joint center on kinematics and kinetics has been previously evaluated in the literature [29] [30] [31] and demonstrated that HJC misplacement could result in significant errors on both hip and knee kinematics and kinetics.
Our results imply significant variance when calculating the KJC and AJC's location as determined by the PGM calculation. As for the KJC, the importance of an accurate definition of the location of anatomical landmarks has been shown to have a significant effect on sagittal and knee joint moments, with a 25% disparity [32] . Sinclair el al found KJC localization to significantly affect coronal and transverse plane angulation using different KJC estimation techniques during walking among 12 male participants and weaker test retest reliability for the PGM [33] . As for the AJC, the PGM identifies the AJC based on the location of the knee and hip joint centers [18] and has previously produced errors when identifying the AJC. An AJC calculated by the PGM was found to significantly differ from the AJC calculated by a medial and lateral malleoli model [34] . The distances between two AJCs in the posterior-anterior, medial-lateral and inferior-superior directions were found to be approximately 6.3, 7.7 and 8.2 (mm). These results also concur with our findings, taking into consideration that the tibia segment is affected by the KJCs and AJCs location. However, the effect of our findings as to the tibia length and the byproduct of the KJC and AJC's location on the angulation calculations of the model are unknown. The impact of this variance in the localization of the KJCs and AJCs on kinematics and kinetics should be further assessed.
In conclusion, PGM was found to be a valid model in detecting segmental length discrepancy based on the joint centers' location compared to X-ray measurement. A variance is present in the femoral and tibial segmental length as measured by the PGM compared to the X-ray. Impact of this inconsistency in segmental length on kinematics and kinetics should be further evaluated.
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